We consider in this paper a Left-Right symmetric gauge model in which a global lepton-number-like symmetry is introduced and broken spontaneously at a scale ω that could be as low as 10 4 GeV or so. The corresponding physical NambuGoldstone boson, which we call majoron and denote J, can have tree-level flavourviolating couplings to the charged fermions, leading to sizeable majoron-emitting lepton-flavour-violating weak decays. We consider explicitly a leptonic variant of the model and show that the branching ratios for µ → e + J, τ → e + J and τ → µ + J decays can be large enough to fall within the sensitivities of future µ and τ factories. On the other hand the left-right gauge symmetry breaking scale may be as low as few TeV.
Introduction
Apart from offering a possibility of understanding parity violation on the same footing as gauge symmetry breaking, left-right symmetric extensions of the standard electroweak theory naturally incorporate small neutrino masses [1, 2] . Unfortunately, for phenomenologically interesting values of the scale at which the SU(2) R symmetry gets broken ( < ∼ 10 TeV) one expects the neutrino masses to lie close to their present laboratory limits, unless the neutrino Yukawa couplings are suppressed.
It is well known that, if stable, neutrinos would contribute too much to the energy density of the universe if their mass exceeds 60 eV or so [3] . Thus heavy neutrinos can be consistent with cosmology only if there are new neutrino decay and/or annihilation channels in additional to those induced by the standard model interactions.
The most attractive possibility to provide such new interactions is realized in models where the neutrino mass arises from the spontaneous violation of a global B −L symmetry [4] . In this case there are invisible neutrino decays by majoron emission which can reconcile the large neutrino masses with cosmological density arguments [5, 6, 7] . Moreover, the new majoron decay and/or annihilation channels may also make these model consistent with cosmological Big-Bang nucleosynthesis [8] , while avoiding conflict with astrophysics [9] .
Unfortunately, since B −L is a gauge symmetry, its spontaneous breaking in the leftright symmetric framework does not imply the existence of a majoron and, as a result, the possibility of fast neutrino decay and/or annihilations is absent. Consequently, neutrino masses and the scale of left-right symmetry breaking are strongly restricted.
In order to cope with this problem a variant of the left-right symmetric model with an additional spontaneously broken U(1) global symmetry was proposed in ref. [10] . In order to implement such symmetry one adds new SU(2) L singlet leptons on which it acts nontrivially. These isosinglet leptons mix with the ordinary neutrinos and are involved in generating their mass. As a result, though the U(1) global symmetry differs from the usual B − L symmetry, it plays an important role in generating the neutrino masses and decays. Extending the majoron concept to cover this situation, we still call majoron the Nambu-Goldstone boson that follows from the breaking of the U(1) global symmetry. It has been shown in ref. [10] that majoron-emitting neutrino decays e.g. ν τ → ν + J can easily reconcile the large neutrino masses and the low left-right symmetry breaking scales with the cosmological restrictions.
In this paper we extend this class of models also in the charged fermion sector by adding electrically charged SU(2) L singlets (we consider the case of leptons in detail). This extension can have interesting phenomenological implications. We pay special attention to the flavour non-diagonal majoron couplings to usual charged leptons, electron, muon and tau. These would lead to the existence of majoron-emitting lepton-flavour-violating weak decays,
τ → e + J τ → µ + J (here J denotes the majoron which follows from the spontaneous violation of the U (1) symmetry). Such decays have alraedy been considered in other contexts, see e.g. ref.
[11]. They would lead to bumps in the final lepton energy spectrum, at half of the parent lepton mass. These decays have been searched for experimentally [12, 13] but the limits on their possible existence are still rather poor, especially for the case of taus.
Restricting ourselves to the case where the global symmetry breaking scale is the largest, we derive analytically by two alternative methods, the direct one and the Noether current method of ref. [14] , the general structure of the couplings of the charged leptons to the majoron, focusing on the off-diagonal couplings that lead to the decays above.
We also consider the more general case where the hierarchy of scales is relaxed. Our numerical calculations show that these decays may have branching ratios which fall within the sensitivities of future µ and τ factories.
The Model
We consider a model based on the gauge group
in which an extra U(1) G global symmetry is postulated. In addition to the conventional quarks and leptons, there is a neutral gauge singlet fermion ‡ . These extra electrically neutral leptons might arise in superstring models [15] . They have also been discussed in an early paper of Wyler and Wolfenstein [16] . We do not use the more conventional triplet higgs scalars, which are absent in many of these string models. Instead we will substitute them by the doublets χ L and χ R .
In addition to this fermion content which was discussed in the earlier model [10] , we introduce one SU(2) L ⊗ SU(2) R singlet charge-−1 lepton E i for each generation. These ‡ Although the number of such singlets is arbitrary, since they do not carry any anomaly, we add just one such lepton in each generation, while keeping the quark sector as the standard one.
G assignments of the quarks, leptons and higgs scalars.
carry B − L of −2. The left-handed and right-handed components of E i carry the global U(1) G charges of −1 and +1 respectively. The matter and Higgs boson representation contents are specified in Table 1 . With these assignments, the most general Yukawa interactions allowed by the G LR ⊗ U(1) G symmetry are given as
where g i are matrices in generation space andφ = τ 2 φ * τ 2 denotes the conjugate of φ. This
The symmetry breaking pattern is specified by the following scalar boson vacuum expectation values (VEVs), assumed real:
The spontaneous violation of the global U(1) G symmetry generates a physical majoron whose exact profile is specified as
where
R , φ 2 and φ 4 denote the imaginary parts of the neutral fields in σ, χ L , χ R and the bidoublet φ. Here we have also defined the VEVs as
L , and
Clearly, as it must, the majoron is orthogonal to the Goldstone bosons eaten-up by the Z and the new heavier neutral gauge boson Z ′ present in the model. The latter acquires mass at the larger scale v R .
In the limit
R , the majoron becomes
Note that in this limit, the majoron has no component along the imaginary part of χ R despite the fact that χ R is nontrivial under the global symmetry. This was the limit considered in [10] .
Here, in order to determine analytically the light charged-lepton masses and majoron couplings, we will restrict ourselves to the case where ω is the largest scale. In the limit
, and r → 1, the majoron field becomes
The various scales appearing in eq. (7) are not arbitrary. First of all, note that the minimization of the scalar potential dictates the consistency relation [2] 
For λ ∼ 1 the singlet VEV is necessarily larger than v L i.e. v L ≪ ω and, as a result, the majoron is mostly singlet and the invisible decay of the Z to the majoron is enormously suppressed, unlike in the purely doublet or triplet majoron schemes.
On the other hand, in order that majoron emission does not overcontribute to stellar energy loss one needs to require [17] in the general case
where g eeJ is the majoron diagonal coupling to electrons. In the limit
and r → 1, one needs to require (see eq. (24))
One sees that eq. (8) and eq. (10) allow for the existence of right-handed weak interactions at accessible levels, provided v L is sufficiently small.
The diagonal couplings of the majoron, for example to electrons, decays may also have important implications in cosmology and astrophysics [7] .
Charged Lepton Masses
Once all gauge and global symmetries get broken, mass terms are generated for the charged leptons, which are given by
It may be written in block form as
where the various entries are specified as
Here the matrix M D is the Dirac mass term determined by the standard Higgs bi-doublet VEV φ responsible for quark and charged lepton masses, M L and M R are G and B − L violating mass terms determined by v L and v R , while M S is a gauge singlet G-violating mass, proportional to the VEV of the gauge singlet higgs scalar σ carrying 2 units of G charge.
In order to determine analytically the light charged-lepton masses and majoron couplings we will work in the seesaw approximation, which we define as
In this case the mass matrix in eq. (12) can be brought to block diagonal form via a bi-unitary transformation with two unitary matrices V L and V R . In the see-saw approximation, V L and V R can be written in the form:
and
where ρ L is of order of the ratio of the
whereas ρ R is of the order of the ratio M R /M S . Imposing that the off-diagonal blocks
Further simpification can arise if we assume either M S or M R to be dominant. In the limit of M S ≫ M R , which we will assume,
The expression for ρ R in the same limit is
The block-diagonal form of the mass matrix resulting from the bi-unitary transformation then is
Finally, each block of the matrix M b.d. is diagonalized by two 3 × 3 unitary matrices.
Thus, for example, the light lepton block
S M R is diagonalized by the matrices T L and T R :
It can be seen that the light charged lepton masses are of the order of the scale of
S M R , whereas the heavy leptons get a mass of the order of the scale of M S , viz., the singlet VEV ω.
Flavour-violating majoron couplings to charged leptons
The profile of the majoron in eq. (7) can be used, together with the Yukawa couplings in eq. (11) to write down the majoron couplings to charged leptons in the mass-eigenstate basis, defined as
The diagonalization procedure described in the previous section can then be used to determine the form of the g ij matrix elements in the seesaw approximation. We are particularly interested in the off-diagonal majoron couplings of the light charged leptons e, µ and τ . The result is:
On substituting for V L and V R from eq. (14) and eq. (15), and using the expressions for ρ L and ρ R from eq. (17) and eq. (18), respectively, we get
Since the first term in the square bracket is proportional to the light mass matrix itself, it gets diagonalized on multiplying by the matrices T L and T † R . The second term in the square bracket gives rise to the first off-diagonal couplings of the majoron to the charged leptons.
An alternative way to determine these couplings on more general grounds is by using the Noether's theorem, i.e. the method given in ref. [14] . The application of this method of obtaining the majoron couplings to the present situation is described in the Appendix.
Let us now proceed with the phenomenology of the off-diagonal majoron coupling to charged leptons and estimate their magnitude within the seesaw approximation, in which there is a hierarchy of scales, e.g.
The dominant off-diagonal majoron coupling in the above equation is of the order of vv 2 R /ω 3 , apart from various Yukawa couplings and the diagonalizing matrix elements.
We have estimated the magnitude of this coupling for the case when one of the leptons is τ , and the other is either e or µ. The coupling will then be of the order of m τ v 2 R /ω 3 .
As an example, for reasonable values for the scales: ω ≈ 10 6 GeV and v R ≈ 10 5 GeV one gets this coupling as large as 10 −8 . Now notice that this is consistent both with the VEV seesaw relation eq. (8) and the astrophysical limit eq. (10) provided that λ 2 < ∼ 10
or, equivalently, provided that v L < ∼ few GeV. This brings the expected branching ratios for the decays τ → µJ and τ → eJ in the range of experimental observation in future experiments.
Numerical Results
We now turn to a more acurate detrmination of the expected branching ratios for the majoron emitting τ and µ decays, for the more general case in which the hierarchy of scales used in the seesaw approximation is relaxed. In order to do this we have performed the numerical calculation of the off-diagonal elements of the majoron couplings matrix in eq.
(22) in the case that the ratio v R /ω is left arbitrary (no see-saw). The various parameters such as λ, the symmetry breaking scales and Yukawa couplings were randomly varied in certain reasonable ranges given in Table 2 , and the scales v and v L are fixed by eq. (8) and the light W boson mass.
For those choices which were not in conflict with the astrophysical bound of eq. (9), we have calculated the corresponding branching ratios for the lepton-flavour-violating decays of eq. (2). Our results for tau are summarized in Fig. (1) for the two possible channels and in Fig. (2) for the µ → e + J case for four different ranges of λ values.
The points represent pairs of (v R , ω) values which lead to the branching ratios larger than indicated.
Clearly the τ → eJ branching ratios can reach or even exceed 10 −5 . These values are in principle within reach of a possible tau-charm factory (which could obtain the limits, B(τ → eJ) < 10 −5 (standard optics) or B(τ → eJ) < 10 −6 (monochromator [19] ). For the τ → µJ case the branching ratios allowed in our model can reach or even exceed 10 −4 .
Though the attainable sensitivity in this case is B(τ → µJ) < 10 −3 , which is limited by µ/π separation, it may in principle be improved by an order of magnitude with a RICH detector. For a discussion see ref. [18] and references therein.
The allowed µ → eJ branching ratios are illustrated in Fig. (2) for various choices of the range of variation of λ. The present experimental limit from TRIUMF [12] on µ → e + J is BR(µ → e + J) ≤ 2.6 × 10 −6 . One sees that for the most favorable case studied, λ ≥ 10 −4 we find that the µ → eJ branching ratios can reach or exceed 10
which is quite close to the present limit. Presumably this could be improved either at TRIUMF or PSI.
Discussion and Conclusions
We have proposed in this paper an extension of the SU(2) L ⊗ SU ( 
Appendix
In this appendix we consider an alternative, more elegant and more general method to derive the off-diagonal couplings of the charged leptons to the majoron. This method is a two-fold generalization of the one given in ref. [14] . Firstly, it is generalized to the case of Dirac fermions, and secondly, and more importantly, it is generalized to the case where the majoron gets contributions from the neutral components of more than one scalar multiplet.
The first step is to write down the Noether current of the charged leptons in the weak basis and the scalars corresponding to each conserved charge. Here we need consider only the currents which are themselves electrically neutral. This gives us the equations
Here A stands for each independent charge, the index i runs over lepton flavours, and a runs over the various neutral scalar fields. The superscripts R and I refer to the real and imaginary parts of the scalar fields, respectively. g Conservation of the Noether currents corresponds to the equation
at the semiclassical level. In the case when the scalar field carry only a single non-zero
A a is the majoron field J, apart from a normalization factor. The above equation then directly gives the coupling of the majoron to the various leptonic fields, using Lagrange's equation
and the Dirac equation on the left-hand side for the various fermionic fields. In the general case, the majoron is a linear combination
In that case, multiplying eq. (26) by α A and summing over A we get
Again using eq. (27) the above equation gives the majoron couplings in terms of the weak basis fields. To get the result for the off-diagonal couplings, we first use the Dirac equation for the fermionic fields to get
On expressing the weak basis fields in terms of the diagonal fields, this would give the complete expression for the leptonic majoron couplings. However, if we are interested only in the off-diagonal couplings, we can achieve a simplification by noting that if the quantum numbers g and G in the above equation were equal, the couplings of the majoron would be just proportional to the mass matrices, and therefore diagonal. Hence the deviation from diagonality of the couplings would be proportional to the differences between g and G. Using this fact, the equation for the off-diagonal couplings then reduces to: 
Using the relations between the weak and mass basis states for the light leptons we then get the off-diagonal majoron couplings as
Knowing the diagonalizing matrices T L , T R , V L and V R in a specific model, the off-diagonal couplings can easily be calculated.
We illustrate this method for the case at hand. In our specific model, the various independent conserved charges can be chosen as the global U(1) charge, B − L and the combination T 3L − T 3R . The quantum numbers of the various fields are given in Table 1 .
The majoron is the linear combination of the neutral scalar fields given in eq. (4). This implies the values of α A as follows:
Substituting these values and the various quantum numbers in eq. (33) gives
2 r e kL + h.c.
The final result given in eq. (24) can then be obtained on substituting for V L and V R from eq. (14) and eq. (15) .
